PbTe single crystals doped with monovalent Au or Cu were grown using the Bridgman method. Far infrared reflectivity spectra were measured at room temperature for all samples and plasma minima were registered. These experimental spectra were numerically analyzed and optical parameters were calculated. All the samples of PbTe doped with Au or Cu were of the " " type. The properties of these compositions were analyzed and compared with PbTe containing other dopants. The samples of PbTe doped with only 3.3 at% Au were the best among the PbTe + Au samples having the lowest plasma frequency and the highest mobility of free carriers-electrons, while PbTe doped with Cu was the opposite. Samples with the lowest Cu concentration of 0.23 at% Cu had the best properties. Thermal diffusivity and electronic transport properties of the same PbTe doped samples were also investigated using a photoacoustic (PA) method with the transmission detection configuration. The results obtained with the far infrared and photoacoustic characterization of PbTe doped samples were compared and discussed. Both methods confirmed that when PbTe was doped with 3.3 at% Au, thermoelectric and electrical properties of this doped semiconductor were both significantly improved, so Au as a dopant in PbTe could be used as a new high quality thermoelectric material.
Introduction
Sixty-three years ago a new radio isotope was presented for the first time in Washington. A thermoelectric generator utilized the Seebeck effect of the semiconductor PbTe to convert radio isotope heat to electricity. Since then thermoelectric properties have been extensively studied all over the world [1, 2] . Special attention has been paid to increase the thermoelectric figure of merit (ZT) for enabling the wide spread use of this method for directly converting heat into electricity [3] . PbTe and PbSnTe alloys have also been investigated for some time due to their unusual positive temperature coefficient of the energy gap [4] [5] [6] and that stimulated the current interest in these semiconductors also as materials for producing infrared detectors and light emitting devices [7] [8] [9] . These semiconducting materials are still permanently in focus and some new results on the electronic structure of both pure and doped semiconductors have been published [10] [11] [12] .
The effect of doping PbTe with other elements has been studied extensively beginning with Rosenberg et al. [13] . Then, Weiser [14] started doping PbTe with group III elements (In, Al, Ga, and Tl). Recently, some far infrared data of PbTe doped with the lightest element of this group III Boron has been reported by Nikolic et al. [15] . There it was shown that for a very small content of boron atoms (about 0.1 at% or less) PbTe was of the " " type with the lowest plasma frequency and the highest mobility of free carriers.
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Previously, Tetyorkin and Movchan have shown that when PbTe was doped with less than 0.1 at% Ga, [16] it was of the " " type with the free carrier concentration of about ≅ 10 14 cm −3 . But when there was more than 0. 13 at% Ga in PbTe then they obtained " " type samples with an even lower free carrier concentration ( ≅ 10 12 cm −3 ). This behavior was supposed to be the result of compensation of the crystal structure defects by introducing the dopant atoms. Romcevic et al. [17] also reported that when PbTe was doped with less than 0.2 at% Ga it was of the " " type, while a sample with 0.4 at% Ga was of " " type. A similar change from " " to " " type of PbTe samples doped with 0.5 at% or 1.5 at% Ce was also observed [18] . A number of studies have been published for various type of dopants in PbTe analyzing monovalent (Na, K, Rb, Cs, and Cu) then divalent (Zn, Cd, and Hg) and trivalent (Ga, In, and Tl) impurities in PbTe. The electronic structure of deep "defect" states in PbTe was studied by Ahmad et al. [19] where they, among other things, considered the case when in PbTe the lead atom was substituted by monovalent atoms (alkalis, Cu). They focused their calculation on the electronic density of states (DOS) with and without defects. They concluded that alkali atoms and Cu also give rise to an increase in the DOS near the bottom of the conduction band.
Attention has also been paid to improvement of the thermoelectric performance of PbTeAgSe mixtures via Cu doping [20] but as far as we know nobody has considered the effect when PbTe was doped only with pure Cu or Au. So in this work we investigated PbTe doped with a small percentage of Au or Cu.
We compared the behavior of Cu as a dopant in PbTe with another monovalent metal, such as Au. The behavior of PbTe doped with 0.3 at% or 3.3 at% of Au was compared with PbTe doped with pure Cu and then discussed, taking account into "ab initio" studies of the electronic structure of defects in PbTe [19] .
Experimental
Single crystal ingots of PbTe doped with 0.3 at%, 1.7 at%, and 3.3 at% Au were synthesized using the Bridgman method as described in [21] . High purity elements (6 N) were used as the source material. The composition of Au decreased along the length of the ingot, because the factor of segregation was just above one, so samples with different gold contents could be cut and prepared for measurements. X-ray diffraction measurements proved that the obtained crystal ingots were single crystals, which could be cleaved perpendicular to the axis. We also doped PbTe samples with another monovalent element Cu making three small ingots of PbTe doped with 0.3 at%, 1.4 at%, and 1.7 at% Cu. The content of Pb, Te, and Cu or Au in each sample was obtained using Energy Dispersive X-ray Spectroscopy (EDS) analysis on a JEOL JSM 6390 device equipped with an Oxford EDS analyzer. Measurements were made in the middle of the sample (as far infrared reflectivity is measured in the middle of the sample) and the surface area was measured in order to determine a mean content value. The maximum aperture was 1 mm × 1 mm. An example of EDS measurements is given in Figure 1 . Far infrared reflectivity (FIR) spectra of all PbTe sample doped with Au or Cu were measured at room temperature using a Bruker IFS-113 V spectrometer. Using the "hot spot" method it was proved that all PbTe + Au and PbTe + Cu samples were of the " " type.
Since the sample of PbTe doped with the smallest percentage of Cu had the lowest plasma frequency and the highest mobility of the free carriers-electrons, while the PbTe samples doped with Au behaved the opposite, we also investigated the thermal diffusivity and electron transport properties of all the PbTe doped samples using a photoacoustic (PA) method with the transmission detection configuration which confirmed the different behavior of PbTe doped with Au or Cu.
Results and Discussion
Far infrared reflectivity diagrams for PbTe doped with Au were measured for three compositions: PbTe doped with 0.3 at%, 1.7 at%, and 3.3 at% Au are given in Figure 2 . The lowest plasma frequency was observed unexpectedly for the sample with 3.3 at% Au, the highest percentage of Au, quite opposite compared with PbTe doped with Cu. All these samples were of the " " type.
The measured far infrared reflectivity spectra of single crystal PbTe doped with 0.29, 0.24, and 0.23 at% Cu are shown in Figure 3 . They all have relatively sharp minimum at about 120 cm −1 . Figure 4 contains reflectivity diagrams of PbTe samples with higher amounts of Cu, between 1.4 at% Cu and 1.7 at% Cu. Analysis of the optical reflectivity diagrams given in these two figures indicate that the first three samples (Figure 3 ) have relatively sharp and stable plasma minimum, while for samples with a much higher percentage of Cu (above 1.4 at%) given in Figure 4 , the plasma minima has moved to much higher wave numbers, about 450 cm −1 , because the quality of the samples with the increased content of Cu was decreased a lot.
All the experimental reflectivity spectra were numerically analyzed using a modified four parameter model for the dielectric function [22] taking into account the influence of the plasma mode of the free carriers [23] :
where is the transverse phonon frequency and and are parameters of the first numerator representing eigenfrequencies and damping factor of the plasmon-LO phonon waves, respectively. First denominator parameters correspond to similar characteristics of the transverse vibrations.
is the plasmon mode damping factor and ∞ represents the high frequency dielectric permittivity relative to the spectral interval of interest. The second term represents local impurity modes, while in the third term LO , TO , LO , and TO represent longitudinal and transverse frequencies and damping factors of the host crystal uncoupled modes.
The starting values of the parameters used in the fitting procedure were previously obtained using Kramers-Krönig analysis [24] . As the reflectivity spectra were measured down to 50 cm −1 , the value for the transverse phonon frequency, was taken from literature to be 32 cm −1 [17] . The values for the plasmon frequency ( ) were determined using the extended Lyddane-Sachs-Teller (LST) relation introduced by Kukharskii [23] : The values of parameters determined for three samples of PbTe doped with Au are given in Table 1 . They are , plasma frequency; its damping factor, ; min , optical reflectivity coefficient at plasma frequency; the optical mobility of free carriers ( ), and the majority free carrier concentrations, ( ) in this case the free electron concentration which was calculated using the method of Moss et al. [25] .
The values of the parameters calculated for PbTe doped with Cu, using our fitting procedure, are given in Tables 2  and 3 . Analysis of the parameter values presented in Table 2 enable the conclusion that samples of PbTe doped with Table 3 , one can see that the plasma frequency is about four times higher and the free carriers mobility is about 50 times smaller compared with the samples of PbTe doped with less than 0.3 at% Cu. So, one can suppose that some Cu atoms get into interstitial positions. Then, the space distribution of the impurity could be observed by atomic and electron microscopy.
With the intention to get more useful data for discussion about the properties of our PbTe samples doped with Au or Cu, we also calculated the optical conductivity and the reciprocal values of imaginary part of dielectric constant [Im(1/ )] versus the wave number in the whole range of the measured optical reflectivity spectra. Figure 5 gives these diagrams for the sample doped with 0.23 at% Cu together with its optical reflectivity diagrams Figure 5 (a) where the minimum is at about 120 cm −1 . The optical conductivity Figure 5 (b) also has a slightly less exposed minimum in the similar range while Im(1/ ), Figure 5 (c) has a sharp maximum at about 113 cm −1 with its half height width of about 25 cm −1 . The same diagrams were calculated and given in Figures  6(a)-6(c) , for the PbTe sample doped with a much higher percentage of Cu (1.4 at%), and the calculated parameters are given in Table 3 . Comparing Figures 5 and 6 , we can see that for these two samples doped with 0.23 at% Cu and 1.4 at% Cu, the positions of minima for the optical conductivity and real part of refraction get increased about four times when the atomic percent of Cu in PbTe was increased for about 5.8 times. Also the position of maximum of the reciprocal values of imaginary part of dielectric constant Im(1/ ) was increased from about 113 cm −1 to more than 455 cm −1 , with increased half hight width for about four times. Similarly, plasma frequency calculated for these two samples, given in Tables 2 and 3 , increases from 110.8 cm −1 to 457 cm −1 .
When PbTe was doped with Au, the opposite results compared to PbTe doped with Cu were obtained. The sample with the highest content of Au (3.3 at%) had the lowest plasma frequency (Figure 7 ) and the sample with the smallest content of Au (0.3 at%) has the highest plasma frequency (Figure 8 ). Similar differences were obtained for the calculated diagrams of optical conductivity and the reciprocal values of the imaginary part of the dielectric constant [Im(1/ )] versus the wave number, Figures 7(c) and 8(c) .
To analyse and confirm this very important property of PbTe doped with Au, we also measured the photoacoustic properties of PbTe samples doped with Au and Cu. Amplitude and phase spectra of PbTe doped with 1.7 at% Au were measured using a high quality photoacoustic (PA) cell which had an optimized acoustic protection from the surrounding influence [26] . The optical source was a red laser (80 mW) modulated with a mechanical chopper and the sample, mounted on the front of the electrets microphone, was irradiated by a red spot, 2 mm in diameter. The amplitude and phase were measured for two thicknesses of the same sample versus the modulation frequency. The different thicknesses of the same sample were obtained by polishing one side of the thick plate with diamond paste and the other side was only flattened with silicon carbide of 1 m grade and made it thinner. That surface was illuminated with the modulated laser beam while the side which was polished with the diamond paste and was put on the front of the electret microphone. The measured amplitude and phase PA signals versus the modulation frequency for PbTe doped with 1.7 at% Au are given in Figures 9(a) and 9(b), respectively. These measurements for two samples thickness were used to normalize the PA amplitude and phase spectra as the sensitivity of the electrets microphone decrease in the frequency range below 100 Hz so we used the signal ratio for two different thicknesses of each measured sample. Starting with the Rosencwaig and Gershow, thermal piston model [27] the PA signal could be given with the following equation:
where is the adiabatic constant and 0 and 0 the ambient pressure and temperature, respectively; = (1+ )/ , where is the thermal diffusion length of the backing gas and is the distance between the sample and the microphone. Φ(− , ) is the periodic temperature variation of the rear sample surface. Finally, the PA signal for two measurements and two different sample thicknesses can be normalized using the signal ratio and the equation:
where Φ(− ) is the temperature distribution on the surface of the sample which was put in the contact with the electrets microphone; is the amplitude ratio and Δ is the phase difference of the measured PA signals for two different sample thicknesses.
The amplitude ratio and phase difference of fitted photoacoustic diagrams for the sample of PbTe doped with 1.7 at% Au and its two different thicknesses for the normalized PA spectra are given in Figures 10(a) and 10(b) . Similarly, for PbTe doped with 1.7 at% Cu, the measured amplitude and phase PA signals versus the modulation frequency for two sample thicknesses are given in Figures 11(a) and 11(b) , while the amplitude ratio and phase difference of fitted diagram are given in Figures 12(a) and 12(b) . The values of fitted parameters for the normalised PA spectra are given in Table 4 for both PbTe doped with 1.7 at% Au and 1.7 at% Cu and they are the thermal diffusion coefficient ( ) the excess carrier life time ( ), the hole diffusion coefficient ( ), optical absorption coefficient ( ), and also the calculated mobility of the hole carrier ( ℎ ).
Judging by the results for PbTe with either 1.7 at% Au or Cu it is obvious that such a big quantity of Au in PbTe increases the mobility of that sample while if PbTe is doped with also 1.7 at% Cu, the mobility gets very decreased ( gets decreased to the value of only 51 while for PbTe doped with 1.7 at% Au, increases to above 4263 cm 2 /Vs. Similarly, thermal diffusivity is quite different for these two dopants: for 1.7 at% Au, is 0.1301 × 10 −5 and for 1.7 at% Cu. is higher: 0.1928 × 10 −5 m 2 /s).
Since the diffusion coefficient, , of the free carriers was about 80 times bigger for PbTe doped with 1.7 at% Au than with Cu, the calculated mobility was also similar showing that some very unusual effect producing these differences must be present. The excess carrier lifetime, , the thermal diffusivity coefficient ( ), and optical absorption coefficient differences for those two dopants confirm that Au as a dopant in PbTe behaves very differently compared with Cu. It is very important to consider why the samples doped with a higher quantity of Au are improving their properties in an opposite way compared with PbTe doped with Cu.
Analyzing Table 1 , one can see that when PbTe is doped with 3.3 at% Au it has the highest value of the free electron mobility and the lowest free carrier electron concentration and the lowest plasma minimum. On the contrary, when the plasma minima were at 153.4 cm −1 for 0.3 at% Au the electron mobility was the smallest and the free carrier concentration the highest, about 1.5 × 10 18 cm −3 . In literature [28] , it has been shown that PbSe doped with Au is a good candidate for -type thermoelectric materials because of resonance states and a local increase of DOS compared with PbSe doped with Na. There it was also concluded that the effects of the same impurity in PbSe and PbTe are very similar. This is proved in this work with the results obtained with the measurements of FIR and photoacoustic properties for PbTe doped with Au. An enhancement in the thermoelectric properties is observed similar in nature to what might be expected from resonance levels and that it is attributed to the behavior of the heavyhole valence band which corresponds to the lattice expansion and can be controlled to a significant degree by adjusting the Fermi energy. This causes the heavy-hole valence band to rise in energy and adjust the Fermi energy creating a significant enhancement in the DOS that gives rise to interband scattering having positive effects on the thermoelectric power factor. One also should take care that the effectiveness of a resonant Advances in Materials Science and Engineering level in enhancing the thermoelectric power factor by the second mechanism depends a lot on the degree of localization of the electrons in the impurity states [29] . It has been also shown that PbSe doped with Au is a good candidate for -type thermoelectric materials because of resonance states and a local increase of the DOS compared with PbSe doped with Na [28] . Also, knowing that the effects of the same impurities are very similar in both PbSe and PbTe and that Seebeck coefficient is almost doubled by doping PbSe with 3.125 at% Au while the electrical conductivity then decreases one should expect that PbTe doped with Au is very promising material for thermoelectric applications.
Conclusion
Analyzing far infrared optical spectra and also photoacoustic ones for PbTe doped with either Au or Cu, we could conclude that the sample with high concentration of Au in PbTe (about 3.3 at% Au) has the highest value of the free electron mobility and the lowest electron carrier concentration and the lowest frequency of the plasma minima. The samples of PbTe doped with Cu behave quite the opposite where the obtained experimental results for PbTe doped with 0.23 at% Cu had the smallest carrier concentration, less than 10 18 cm −3 , and rather high free electron mobility, about 4500 cm 2 /Vs, and the smallest plasma frequency as well. This suggests that the smallest content of Cu atoms establishes a localized state that overlaps with either the conduction or the valence band of PbTe. Knowing that PbSe doped with Au has the properties of a promising -type thermoelectric material [28] and also knowing that the effect of the same impurity are very similar in both PbSe and PbTe, one can expect that PbTe doped with Au is a very promising material for thermoelectric application. That is proved in this paper with the results obtained with measurements of FTIR and photoacoustic properties for PbTe doped with Au. PbTe is still one of the leading thermoelectric materials because of its low thermal conductivity. The longitudinal acoustic-transverse optic anharmonic coupling is likely to play a central role in explaining the low thermal conductivity of PbTe [29] .
